Sarcolemmal and microsomal membranes prepared from adult canine cardiac myocytes (sarcolemmal Na + ,K + -ATPase = 71.8 /imol/mg per hr and microsomal rotenone-insensitive NADH cytochrome c reductase =114 /imol/mg per hr) were each preincubated at 37°C in the presence of a free radical generating system consisting of dihydroxyfumarate and Fe +++ -ADP; loss of the Na + ,K + -ATPase and reductase activities, as well as the associated increases in lipid peroxidation, measured by malondialdehyde formation, were temporally correlated in both systems. The ATPase was inhibited 70% when the malondialdehyde was 71 nmol/mg protein at 20 minutes and 90% when malondialdehyde was 138 nmol/mg protein at 90 minutes. Inhibition of reductase activity occurred more gradually, displaying a 27% loss of activity when malondialdehyde reached 34 nmol/mg protein at 20 minutes and 60% with a malondialdehyde value of 67 nmol/mg protein at 90 minutes. The greater susceptibility of the sarcolemma to free radicalinduced membrane damage may be due to the higher content of unsaturated fatty acids in this membrane, compared to microsomes. (Circ Res 55: 120-124, 1984) 
RECENT studies (Guarnieri et al., 1980; Hess et al., 1982; McCord and Roy, 1982; suggest an involvement of free radicals in the pathophysiology of ischemia-induced tissue damage. During ischemia, there is an increase in reducing equivalents (Fridovich, 1979) due to the decreased concentration of oxygen, and this may favor the production of superoxide anion and other free radical species upon reoxygenation (Hess et al., 1982) . The unsaturated fatty acids of membranes, as well as membrane-bound proteins containing oxidizable amino acids, are susceptible to free radical attack, and it has been suggested (Freeman and Crapo, 1982 ) that the resultant damage may increase membrane permeability, leading to severe alterations of cellular metabolic processes. Several reports suggest the presence of endogenously generated free radicals during myocardial ischemia, and others have documented the occurrence of membrane damage of the mitochondria 0ennings and Ganote, 1974) , sarcoplasmic reticulum (McCallister et al., 1978) , lysosome (Kennett and Weglicki, 1978) , and sarcolemma (Ashraf and Halverson, 1977) during the course of ischemia. However, the extent of free radical involvement in the series of events leading to irreversible cell injury is unknown, and the relative susceptibilities of subcellular membrane systems to free radical toxicity requires clarification.
In the present study, we examined the relative vulnerabilities to free radical injury of two highly enriched subcellular systems: the cardiac sarcolem-mal and microsomal membranes. As endpoints of damage, we monitored both the free radical-mediated production of lipid peroxidation products (malondialdehyde) and changes in sarcolemmal Na + ,K + -ATPase and microsomal rotenone-insensitive NADH cytochrome c reductase (RINCR) activities. The activities of these lipid-dependent enzyme systems have been reported to be significantly inhibited during myocardial ischemia (Schwartz et al., 1973; Kennett and Weglicki, 1978) . The free radicals were exogenously generated during the auto-oxidation of dihydroxyfumaric acid in the presence of Fe +++ -ADP. We have previously reported ) the use of this free radical-generating system in determining the susceptibility of highly purified rat liver lysosomes to free radical attack.
Methods
Adult canine myocytes were isolated from ventricular tissue by digestion with 0.2% collagenase, and native (no detergent treatment) myocytic sarcolemmal and microsomal fractions were obtained after differential and sucrose density centrifugation (Weglicki et al., 1980) . The sarcolemmal fractions were enriched 40-to 60-fold in the specific activity of ouabain-sensitive, K + -dependent pnitrophenyl phosphatase (Skou, 1974) over that of the myocyte homogenates. The sarcolemmal Na + ,K + -ATPase activity (« = 8), as determined by a spectrophotometriccoupled enzyme method (Owens et al., 1982) , was 71.8 ± 3.4 /imol/mg protein per hr at 37°C and pH 7.2. Microsomal membranes were enriched 41-fold in the specific activity of rotenone-insensitive NADH cytochrome c reductase (RINCR) activity over that of the myocyte homog-enate (Weglicki et al., 1980) . Microsomal RINCR activity (n = 6), as determined by the spectrophotometric assay of Sottacasa et al. (1967) , was 114 ± 6.0 ^mol/mg protein per hr at 37°C and pH 7.2. Protein concentration was determined by the method of Lowry et al. (1951) . The effects of free radicals on both membrane systems were determined in an incubation mixture containing 60-160 fig protein/ml of sarcolemma or microsomes in a 10 nw potassium phosphate buffer (pH 7.2), supplemented with 50 mM sucrose and 120 mM potassium chloride. Reactions were initiated by the additions of Fe +++ -ADP (final: 0.1 mM FeCl 3 chelated by 1 mM ADP) and/or dihydroxyfumaric acid (final: 3.3 mM) solutions buffered with potassium phosphate, pH 7.2. Incubations were carried out at 37°C under aerobic conditions in a shaking water bath. The pH of the system did not vary from 7.2 + 0.1 U during the entire incubation period. At the indicated times of incubation, aliquots of the sarcolemmal (final: 2.0 fig protein/ml) or microsomal (final: 5 tig protein/ml) reaction mixtures were assayed for Na + ,K + -ATPase or RINCR activities, as well as for rates of lipid peroxidation (final: 50 fig protein/ml of either membrane system) measured by the formation of malondialdehyde . The free radical generating system itself had no appreciable effect on either enzyme assay buffer system. The amount of sarcolemmal or microsomal membrane added to the incubation medium did not surpass the free radical generating capacity of the exogenous system, as was evident by the 2-fold increase in lipid peroxidation product upon doubling the membrane concentration (data not shown). Statistical analyses were performed by unpaired Student's Ntest, and/or least squares linear regression analysis.
Results
Sarcolemmal and microsomal membranes were incubated for timed intervals in the presence or absence of Fe +++ -ADP, dihydroxyfumaric acid (DHF), or DHF plus Fe +++ -ADP (complete system), before determination of malondialdehyde (MDA) production and Na + ,K + -ATPase or RINCR activities. As demonstrated in Figures 1 and 2 , the presence of Fe +++ -ADP alone, had no effect on the Na + ,K + -ATPase and RINCR activities, despite small increases in MDA production (P < 0.05). However, MDA production and inhibition of enzyme activity of both membrane systems were significant in the presence of either DHF alone (P < 0.05), or DHF plus Fe +++ -ADP (P < 0.02) at incubation times greater than 5 minutes. The sarcolemma was more susceptible over exposure time (0-90 minutes) to free radical-induced peroxidation and enzyme inhibition than was the microsomal membrane system. As shown in Figure 1 , the Na + ,K + -ATPase of sarcolemma, incubated in the presence of the complete system, was inhibited 70% when MDA was 71 nmol/mg protein at 20 minutes and 90% when MDA was 138 nmol/mg protein at 90 minutes. Sarcolemma, incubated in the presence of DHF alone, exhibited a 28.5% decrease in ATPase activity with a corresponding MDA of 38.2 nmol/mg protein at 20 minutes and 50% inhibition of activity when MDA was 52.2 nmol/mg protein at 90 minutes. As shown in Figure 2 Time at 37°C (min) FIGURE 2. Free radical-mediated lipid peroxidation and loss of rolenone-insensitive NADH cytochrome c reductase activity in microsomes. Each value is a mean ± SD of four to seven preparations. Microsomal preincubations were performed as in Figure 1 and text, and aliquots then were a) analyzed for malondialdehyde (MDA) production and b) diluted 30-fold into assay medium for determination of reductase activity. Enzyme assay results were expressed as percent change from control activity 000%). Other conditions are described in text. enzyme inhibition with time were substantially greater for the sarcolemma (~2-fold by 20 minutes) than for the microsomal system. Linear regression analysis indicates a positive temporal correlation exists between MDA production and percent inhibition of enzyme activity for both sarcolemmal and microsomal membranes treated (0-90 minutes) with the complete free radical generating system (plots not shown). The high positive linear correlation coefficients (r) and comparable linear slopes for both the sarcolemmal (r = 0.98; slope = 0.81) and microsomal (r = 0.99; slope = 0.85) systems suggest that (1) a direct linear relationship exists between the extent of MDA production and loss of enzyme activity and (2) the ratios of percent enzyme inhibition to specific MDA (nmol/ mg) production are essentially identical for the sarcolemmal and microsomal membranes. Similarly, a positive temporal correlation has been shown to exist between MDA production and percent inhibition of enzyme activity for both sarcolemmal (r = 0.97) and microsomal (r = 0.99) membranes incubated (0-90 minutes) in the presence of DHF alone (plots not shown).
Discussion
Auto-oxidation of dihydroxyfumaric acid (DHF) produces large steady state levels of superoxide anions which may then form additional active oxygen radicals capable of inducing lipid peroxidation (Autor et al., 1980) and disrupting the functional (Hess et al., 1982; Mak et al., 1983) and structural integrity of membranes (Freeman and Crapo, 1982) . We (McCay et al., 1983) have reported, in an EPR spintrap study, that the presence of Fe +++ -ADP with DHF stimulates active oxygen radical (i.e., hydroxyl) production, which may further promote the peroxidative reaction and loss of membrane integrity. In that investigation, the signal generated by the hydroxyl radical was shown to be quenched by the lipophilic scavenger, a-tocopherol. In an extension of the above study, we introduced a-tocopherol (1 mol/ml) into our membrane incubation system to determine its effectiveness in ameliorating free radical-induced injury. Our preliminary studies showed that a-tocopherol prevented MDA formation up to 80% in both the sarcolemmal and microsomal membrane preparations; however, a-tocopherol dissolved in ethanol alone was inhibitory (20-30%) to both Na + ,K + -ATPase and RINCR activities, making interpretation difficult. In other studies, superoxide dismutase (50 /tg/ml)/ catalase (50 ng/m\), mannitol (10 ITIM), and ethanol (200 HIM) were evaluated as retardants of induced lipid peroxidation and enzyme inhibition. Confirming what we observed in our previous study ), none of these tested scavengers appeared to be very effective in preventing either the induced peroxidation reaction or the inhibition of the enzymes, when incubations were conducted in the presence of DHF + Fe +++ -ADP. As discussed previously, the added watersoluble scavengers may not have access to the site(s) of the active free radical(s) generated within the membrane; thus, we cannot conclude which oxygen radicals are directly involved.
We have previously demonstrated that the susceptibility of liver lysosomes to free radicals generated by DHF plus Fe +++ -ADP is not unique to that system; other systems capable of producing free radicals may induce similar peroxidative damage on subcellular membranes. The data presented here demonstrate that free radicals gen-erated by the DHF plus Fe +++ -ADP system and by DHF alone, are capable of promoting significant rates of lipid peroxidation and loss of specific enzyme activities in both highly enriched sarcolemmal and microsomal membranes isolated from adult canine myocytes. The myocyric sarcolemma was considerably more sensitive to the toxic effects of the free radicals over 0-90 minutes of exposure time than was the microsomal membrane. This was clearly evident at the 20 minute time point, where the rates of sarcolemmal Na + ,K + -ATPase inhibition and the associated malondialdehyde (MDA) production were more than twice that observed for the microsomal RINCR system. However, in spite of the differences in time course of membrane injury, both membrane systems exhibited direct positive correlations between the degree of enzyme inhibition and level of lipid peroxidation, as well as identical ratios of percent enzyme inhibition to specific MDA (nmol/mg) production. This suggests that the role of free radicals in the events leading to loss of membrane integrity may be similar in both membrane models.
The lipid microenvironments of the Na + ,K + -ATPase-and RINCR-enriched membrane systems may be critical to the susceptibilities of these membrane models to free radical attack. Lipid analyses (Weglicki et al., in press) of the more-sensitive sarcolemmal fraction showed that this membrane possessed higher phospholipid-to-protein and cholesterol-to-protein ratios (Pl:prot = 2.11 /imol/mg; Ch:prot = 0.87 ^mol/mg) than observed for the microsomal system (Pl:prot = 0.63 ^mol/ing; Ch:prot = 0.12 /xmol/mg). Furthermore, the content of unsaturated nonesterified fatty acids in the sarcolemma was substantially higher than that determined for the microsomes (unpublished observation): palmitoleic (16:1), oleic (18:1), linoleic (18:2), and arachidonic (20:4) acids were (respectively) 2.8-, 2.3-, 1.8-, and 1.4-fold higher in the sarcolemmal fraction than in the microsomal fraction. Since the unsaturated bonds of membrane fatty acids and cholesterol react readily with free radicals and undergo peroxidation (Freeman and Crapo, 1982) , this may explain why the Na + ,K + -ATPase-enriched sarcolemmal membrane was more vulnerable to free radical attack than was the microsomal RINCR system.
Although we have been able to demonstrate a direct correlation between lipid peroxidation and enzyme inhibition, the data do not preclude the possibility of direct free radical-mediated inactivation of membrane protein (Freeman and Crapo, 1982) . Enzymes with aromatic or sulfur-containing amino acids may be susceptible to free radical-induced amino acid modification or cross-linking. This aspect of free radical membrane injury requires further documentation.
In summary, we have been able to demonstrate differences in the relative sensitivities of two highly enriched membrane models to free radical-mediated damage. The sarcolemma was more vulnerable to free radical attack, perhaps due to its substantially higher content of cholesterol and unsaturated fatty acids in comparison to the microsomal system. Nevertheless, the loss of enzyme activities in both membrane preparations was shown to be correlated with the formation of lipid peroxidation products.
